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ARTICLE INFO ABSTRACT

Keywords: The auto-induced uplink (a-UL) radio-frequency electromagnetic field (RF-EMF) exposure, often the dominant
Uplink ) part of the total RF-EMF exposure, has not been included in previous microenvironmental studies. As 5G
Transmit power exposure depends more on mobile phone usage, monitoring typical transmit power levels is crucial towards more
gg accurate personal exposure assessment. This study describes spatial differences in average mobile phone transmit
Radiofrequency electromagnetic fields power and 1nvest?gat'es the m.ﬂue.nce of ulek. duty cycles and f.requency band usage. A novel. methodology using
Exposure the network monitoring application QualiPoc in fourth-generation (4G) and non-standalone fifth-generation (5G)

Microenvironments networks was presented. For the first time, the assessment of 4G and 5G a-UL RF-EMF exposure was conducted
simultaneously in a large-scale microenvironmental study in Europe. Measurements were performed along
predefined routes in 282 different microenvironments (e.g., parks, residential areas) across seven European
countries, during a maximum uplink usage scenario. The Netherlands had the highest average transmit powers
per microenvironment (median 20.6 dBm). Transmit powers in villages were 0.6-2.1 dB higher than in big cities.
The study suggested that base station density is a key predictor of a-UL exposure. Comparing technologies and
frequency bands, average transmit powers for 5G were about 3.3 dB lower than for 4G and lowest for frequency
bands with a time division duplexing (TDD) scheme due to the low uplink duty cycle (below 20%). This study
provides crucial measurement data for epidemiologists and governments to enhance the understanding of the a-
UL component of personal RF-EMF exposure.
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1. Introduction

The deployment of the fifth-generation (5G) of mobile networks in-
troduces new challenges for radio-frequency electromagnetic field (RF-
EMF) exposure assessment compared to legacy technologies. The
exposure depends much more on one’s own mobile phone usage (Velghe
et al., 2021). Additionally, dynamic capabilities of 5G lead to more
spatio-temporal variability in RF-EMF exposure, primarily affecting the
downlink (from the base station to the user). However, it also indirectly
influences uplink exposure (from the user to the base station) through
power control mechanisms that dynamically adjust the mobile phone’s
transmit power to maintain optimal signal quality, extend battery life,
and improve overall network performance (Gati et al., 2010). Legacy
technologies, such as the fourth-generation (4G) mobile networks, also
exhibit these power control mechanisms but their RF-EMF exposure is
less dependent on mobile phone usage because they have less dynamic
(downlink) capabilities. The current non-standalone 5G deployment
uses the existing 4G network infrastructure, utilizing both 4G and 5G
signals to enhance speed and connectivity while relying on the 4G core
network. Therefore, it is crucial to consider both 4G and 5G technolo-
gies, along with their spatial and temporal variability, for accurate
RF-EMF exposure assessment.

Microenvironmental studies aim to characterize typical RF-EMF
exposure in different microenvironments (e.g., parks or residential
areas) towards personal exposure assessment. Previous microenviron-
mental studies have mainly assessed environmental exposure (Chikha
et al., 2024; Joseph et al., 2010; Loizeau et al., 2023; Roosli et al., 2010;
Sagar et al., 2016, 2018; Thielens et al., 2018; Velghe et al., 2019), i.e.,
the involuntary exposure from base stations or from nearby mobile
phone users, known as environmental uplink (e-UL) exposure (Velghe
et al., 2021). However, the auto-induced component of uplink RF-EMF
exposure (i.e., exposure from one’s own mobile phone usage) is often
the dominant part of the total RF-EMF exposure and has not been
considered in previous measurement studies (Chiaraviglio et al., 2024;
Schilling et al., 2022; Van Wel et al., 2021). Therefore, an activity-based
approach for microenvironmental studies was proposed, where different
usage scenarios are performed to better understand the auto-induced
uplink (a-UL) exposure (Velghe et al., 2021). Distinguishing a-UL from
e-UL exposure requires monitoring the data transmission of the user’s
device during these scenarios, providing insights into the connection
quality and the transmission patterns in 4G and 5G networks.

To monitor data transmission, two methods have been used:
deducing network parameters (e.g., transmit powers and uplink trans-
mission times) of all devices from the base station, which requires
cooperation with the network operator (Joshi et al., 2017, 2020), or
extracting them from a mobile phone using a commercial network
monitoring application. The latter approach was used for 4G in various
studies using different applications: Azenqos at outdoor small-cells
(Mazloum et al., 2019), Nemo handy at indoor locations (Mazloum
et al., 2021), and QualiPoc at outdoor locations (Schilling et al., 2022).
Non-standalone 5G was investigated using QualiPoc at outdoor loca-
tions (Vermeeren et al., 2024), and XCAL solo, both indoors and out-
doors (Jung et al., 2023). A recent review of 5G exposure assessment
tools indicated the applicability of QualiPoc and similar network
monitoring applications for human RF-EMF exposure studies and
emphasized the research potential of measurements in combined 4G and
5G networks (Korkmaz et al., 2024).

As an alternative for monitoring the data transmission, RF-EMF
measurement devices can be used near the mobile phone during data
transmission. Either using a near-field probe (Iyare et al., 2021; Sarbu
etal., 2019) or a dedicated device attached to the mobile phone, such as
the Devin (Mazloum et al., 2023) or the Add-on sensor (Van Bladel et
al.). These devices are not capable of distinguishing a-UL from e-UL
exposure when placed near other mobile phones but they can indicate
general uplink exposure trends.

It has been shown that mobile phones transmit on average at less
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than 1% of their maximum transmit power while using 4G data appli-
cations, emphasizing the need to assess time-averaged transmit power
levels for RF-EMF exposure assessment rather than maximal values
(Joshi et al., 2017). Other research suggests assessing the empirical
maximum transmit power scaled by uplink duty cycles to estimate an
upper bound on typical time-averaged transmit power (Aerts et al.,
2019; Joseph et al., 2013). Uplink duty cycles, defined as the percent-
ages of time a phone transmits, are necessary to obtain typical
time-averaged transmit powers from network monitoring applications
(Liu et al., 2024). Measurements of uplink duty cycles for 4G and 5G
were taken at fixed locations near a single base station in a recent study
(Vermeeren et al., 2024). However, large-scale research on typical up-
link duty cycles across various usage scenarios is lacking, as well as a
combined time-average transmit power of 4G and (non-standalone) 5G.

The main objectives of this work are to: (1) provide a novel meth-
odology to assess the a-UL RF-EMF exposure from both 4G and 5G
technologies; (2) demonstrate the applicability of this method during a
maximum uplink usage scenario in different European countries; (3)
compare spatial differences in average uplink transmit power in
different microenvironments across seven countries; and (4) provide an
exploratory data analysis of the influence of frequency band usage and
uplink duty cycle on average transmit powers from 4G and 5G
technologies.

2. Methods
2.1. Measurement configuration

Measurements were conducted from February to October 2023 in
282 microenvironments across seven European countries: Belgium,
Switzerland, Hungary, the Netherlands, the United Kingdom, Italy, and
Poland. Trained researchers walked for approximately 15 minutes along
predefined routes, ranging from 1 to 1.5 km in length, in each micro-
environment (Roosli et al., 2010). Traveling between microenviron-
ments was done using public transport, which was considered as
separate microenvironments. The researchers adhered to the measure-
ment protocol presented in a recent study in Switzerland (Veludo et al.,
2025).

2.1.1. Classification of microenvironments

In each country, five different study areas were defined, based on
population density and degree of urbanization following the Eurostat
manual (Dijkstra et al., 2021) and the corresponding interactive map of
Copernicus ("GHSL visualisation", 2020): one big city (usually the cap-
ital, with more than 500 000 inhabitants), one secondary city (between
100 000 and 500 000 inhabitants), and three villages (less than 100 000
inhabitants). Within each study area, microenvironments were classified
into three main types: outdoor areas, public places, and public transport.
Outdoor areas included residential, business, industrial, and downtown
areas. Public places comprised both indoor and outdoor locations fre-
quented by young people, such as primary and secondary schools, uni-
versities, shopping malls, public parks, and train, bus, and metro
stations. Residential areas and public parks were further subdivided into
central, non-central, and outskirt areas. Traveling by train, tram, bus,
and metro was classified as public transport. A summary of the number
of microenvironments and samples is provided in Table SI-A.1 in Sup-
plementary Information A (SI-A). Each microenvironment was identi-
fied by a its microenvironmental code (ME_code), based on the above
classification.

2.1.2. Measurement devices

Researchers carried a backpack containing three measurement de-
vices, following the protocol presented in a recent study (Veludo et al.,
2025). We focused on measurements with the commercial network
monitoring application QualiPoc by Rohde & Schwarz (“QualiPoc
Android,” 2023). QualiPoc collects many network parameters, such as
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data throughput, transmit power, and frequency band, directly from the
phone’s chipset. QualiPoc Android version 22 was installed on four
different smartphones. Three smartphones, equipped with a Qualcomm
chipset (SM8350 Snapdragon 888 5G), were used: a OnePlus 9 Pro in
Belgium and the Netherlands, a Xiaomi MI 11 in Hungary, and another
Xiaomi MI 11 in Poland. The fourth smartphone, a Samsung Galaxy
S22+ with an Exynos (2200) chipset, was used in Switzerland, the
United Kingdom, and Italy. In each country, a unique SIM-card with a 5G
unlimited subscription from a major mobile network provider was used.

2.1.3. Usage scenario

Along the route in each microenvironment, a maximum uplink
exposure scenario was performed, where the mobile phone repeatedly
uploaded a 500 MB file to a File Transfer Protocol (FTP) server at Ghent
University. The phone was not restricted to any specific frequency band
or telecommunication technology, ensuring realistic frequency band
usage. This scenario aimed to obtain the empirical maximum a-UL
exposure, as described by literature (Aerts et al., 2019; Standard IEC
62232:2017, 2017), providing an upper bound on the typical
time-averaged exposure. It is assumed that other mobile phone usage
scenarios (e.g., voice calls, video streaming) result in lower effective
time-averaged a-UL exposure than this maximum uplink scenario, due to
lower uplink resource utilization. Their typical time-averaged transmit
powers can be inferred from the empirical maximum by rescaling with
experimentally defined uplink duty cycles (Vermeeren et al., 2024). This
approach allows for the assessment of multiple usage scenarios neces-
sary for personal exposure assessment without repeating measurements.

2.2. Data analysis

In addition to network parameters, metadata was collected during
measurements, including the type of microenvironment, exact start and
stop times, and additional notes by the researchers. This metadata was
gathered through an application on the researcher’s personal phones. It
was cleaned both manually, based on the researchers’ notes and Global
Positioning System (GPS) data from QualiPoc, and automatically, using
QualiPoc throughput or GPS data. This process resulted in the accurate
number of samples for each microenvironmental measurement, as
shown in Table SI-A.1.

Failure of the maximum uplink scenario was assumed if the total
throughput (4G and 5G) remained below 350 kilobit per second (kbps)
for at least 30 s without a connection to legacy networks (2G or 3G).
These periods were excluded from the data, accounting for 15 % of the
total measurement time. Microenvironments with at least 60 s of data
were included in the analysis. Table SI-A.1 provides the number of
removed (“Fail”) and retained (“Tot”) samples per microenvironment
for each country.

The QualiPoc data was extracted using ROMES software (by Rohde &
Schwartz) (“ROMES Drive Test Software,” 2024) and processed with
Python. Table SI-A.2 lists the different network parameters obtained
from QualiPoc. This study utilized Physical Uplink Shared Channel
(PUSCH) transmit power, PUSCH throughput, transport block size, and
frequency band parameters. For data cleaning2.2, Physical Downlink
Shared Channel (PDSCH) throughput, Radio Resource Control (RRC)
states, GPS coordinates, Global System for Mobile Communications
(GSM) mode and Universal Mobile Telecommunications System (UMTS)
transmit power were used.

The network parameters from QualiPoc (Table SI-A.2) are provided
by the chipset of the mobile phone without a fixed sampling time. E.g.,
the frequency band parameter is immediately reported once it has
changed. However, the transmit power, throughput, and transport block
size parameters are provided approximately every 500 ms. They were
only considered if the frequency band remained the same during the 500
ms period, to avoid over- or underestimation of the average transmit
power during handovers (i.e., a switch to a different frequency band)
within the same technology. It was chosen to use average samples per
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second for the network parameters, such that enough samples for each
microenvironment could be obtained at a fixed granularity.

2.2.1. Average uplink transmit power per second

The average uplink transmit power per second P,,, was computed as
the average of the 4G and 5G PUSCH transmit power (Table SI-A.2)
using Equation (1). PUSCH was used to assess the a-UL exposure from
uplink data usage only, excluding other signals such as network control.

Pavg[w] = DC4G[ - ] L4 PPUSCHAG[W] + DCSG[ *] ® Ppyscrsc [W] 1)

Ppyscuxc is the PUSCH transmit power of the specified technology
averaged over 1 s. DCy is the uplink duty cycle for the specified network
technology, defined as the average ratio of active uplink slots to the total
number of slots in the considered 1-s intervals. Its calculation is
explained in detail in Supplementary Information B (SI-B).

Multiplying Ppyscr xc by the uplink duty cycle was necessary because
the reported PUSCH transmit power is an average over approximately
500 ms, including only values that are reported by the chipset. This
differs from instantaneous power measurements with a predefined
sampling time. Using Ppyscy xc directly in the analysis could significantly
overestimate exposure, as it would extrapolate the active uplink slots (i.
e., the uplink slots used to transmit data at the reported power) to all
available slots within the 1-s interval. By multiplying Ppyscuxc by the
uplink duty cycle, slots with no transmission are also considered,
providing the true average transmit power. Finally, Py, [W] was con-
verted to [dBm] for analysis in Section 3.

2.2.2. Average uplink transmit power per microenvironment
The arithmetic mean Pgyg mg of the Py, values (after data cleaning)
along the microenvironmental routes was computed using Equation (2):

1
Pavg.ME [M :szavg [W] (2)

where N is the number of samples (equal to the number of seconds), as
shown in Table SI-A.1, and Py, is the PUSCH transmit power averaged
over 1 s, as defined by Equation (1).

If multiple microenvironments of the same type were measured
within the same country, e.g., public transport, they were merged and
Pgyg e was computed over all samples. This is indicated by the number
of microenvironments in Table SI-A.1.

2.2.3. Average uplink duty cycle per microenvironment

Analogous to the computation of Pyyg mg, the arithmetic mean of DCyxc
along the route (after data cleaning) was computed using Equation (3) to
provide insight into the differences between 4G and 5G technologies in
terms of uplink duty cycles.

1
DCxG.an.ME[ - ] = NZDCXG[ - ] €)

2.2.4. Stratification per frequency band

From QualiPoc, the frequency bands used for the connection be-
tween the mobile phone and the base station were extracted. This
enabled the assessment of differences in transmit power across various
frequency bands. For each microenvironment, the transmit power,
throughput, and transport block size parameter values were stratified
per frequency band to apply the band-specific subcarrier spacing in the
calculation of the uplink duty cycle. Subsequently, Py, was computed,
including the frequency band in use for both 4G and 5G.

For clarity, uplink carrier aggregation (CA) or uplink control signals
in the physical uplink control channel (PUCCH) were not investigated.
Their influence was expected to be small, as little CA was observed
across the countries and control signals are often multiplexed on the
PUSCH (Dahlman et al., 2018, pp. 221-223). The study was limited to
4G and 5G due to significant differences between technologies, such as
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the absence of PUSCH in the 3G network protocol.
3. Results and discussion

3.1. Spatial comparison of the average transmit power per
microenvironment

We performed a descriptive statistical analysis of Py Mg, comparing
countries, cities and villages, and microenvironments. The values of
Py mE are provided in Table SI-A.3.

3.1.1. Comparison of average transmit power between countries

Fig. 1 shows boxplots of Py vz for the different countries, including
both 4G and 5G transmit powers following Equations (1) and (2). Values
of Pgeme between 1.6 dBm and 23.6 dBm were found, except for 1
outlier in Poland. The distributions were negatively skewed and their
median and inter-quartile range (IQR) were listed in Table 1. The
highest median Py, »r Was 20.6 dBm and was found in the Netherlands,
followed by Belgium (19.8 dBm), Hungary (19.6 dBm), and Italy (19.2
dBm). The medians in Switzerland (17.7 dBm) and Poland (17.0 dBm)
were about 2 dB lower. The lowest median Py, yg was 13.2 dBm and was
found in the United Kingdom.

The maximum uplink usage scenario demands for a good uplink
connection at any location, which leads to high values of Py Mz in
general. The highest values of P,z (indicated by the top whiskers in
Fig. 1) were below the maximum transmit power of 23 dBm, except for
the Netherlands. However, 23.6 dBm remained within the +2/-3 dB
tolerance level defined in the technology specification (5G NR, 2021).
The lower median in Switzerland and Poland can be attributed to better
network connections. Switzerland hosted Europe’s first commercial 5G
network and thus is ahead of other countries with its 5G deployment. In
Poland, more strict exposure limits require a higher base station density
(Pawlak et al., 2019). The distribution of Py pz in the United Kingdom
extended to much lower values due to missing 4G samples in the
QualiPoc data, which caused Pz to include 5G only while both 4G
and 5G were used simultaneously.

3.1.2. Comparison of average transmit power between cities and villages
Fig. 2 shows the distributions of Py, up stratified in big cities, sec-
ondary cities, and villages for the different countries. Villages exhibited
the highest median Pg,ur compared to the cities in Belgium, the
Netherlands, Hungary, and Switzerland. In Italy, the United Kingdom,
and Poland, the secondary city had the highest median Pgg\z. The
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Fig. 1. Boxplots of Py, ur for each country (x-axis); BE = Belgium, NL = the
Netherlands, HU = Hungary, CH = Switzerland, UK = the United Kingdom, IT
= Italy, PL = Poland. The whiskers represent the lowest and highest data points
(black dots) that are found within 1.5 IQR difference from the median (middle
horizontal black line). All other samples are represented as outliers
(black circles).
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Table 1
Summary statistics of Pgyg e [dBm] per country.

Statistic [unit] BE® NL* HU® CH" UK" IT" PL*

Median [dBm] 19.8 20.6 19.6 17.7 13.2 19.2 17.0
IQR [dB] 2.5 3.3 2.2 1.6 7.5 1.2 3.2

@ Country abbreviations; BE = Belgium, NL = the Netherlands, HU = Hungary,
CH = Switzerland, UK = United Kingdom, IT = Italy, PL = Poland.
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Fig. 2. Boxplots of Pygue per study area in each country (x-axis); BE =
Belgium, NL = the Netherlands, HU = Hungary, CH = Switzerland, UK =
United Kingdom, IT = Italy, PL = Poland. The whiskers represent the lowest
and highest data points that are found within 1.5 IQR difference from the
median (black line). All other samples are represented as outliers (circles). BC =
Big City, SC = Secondary City, V = Villages.

median of the big cities was between 0.6 dB (in Italy) and 2.1 dB (in the
Netherlands) lower than the median of the villages.

The highest uplink transmit powers generally found in villages can
be attributed to a lower base station density, which confirms the results
for 4G transmit powers found in a previous study (Joshi et al., 2017). In
both Italy and Poland, one of the three villages had significantly lower
values compared to the other two. This is explained by the presence of a
base station in the center of these villages, which indicates that prox-
imity to a base station can result in lower transmit powers compared to
similar areas with a low base station density. The low value for the
villages in the United Kingdom (7.15 dBm) was not considered in the
analysis due to the exclusive availability of bus ride data. All other mi-
croenvironments in these villages were excluded because only 3G was
used, which could not be investigated. The difference in median Puyeme
between big cities and villages was 1.2 dB — 2.7 dB smaller than the 3.3
dB difference observed for 4G transmit powers between urban and rural
areas reported in the previous study (Joshi et al., 2017). This was
anticipated due to the maximum uplink usage scenario, which generally
leads to higher uplink transmissions, and the use of non-standalone 5G
networks.

3.1.3. Comparison of average transmit power between individual
microenvironments

Table 2 presents the microenvironments with the highest and lowest
values of Py yz in each country, along with their corresponding values.
The majority of microenvironments with the highest P,g yz were located
in outskirt parks or various village microenvironments. In the United
Kingdom, the highest Pq,,mr value was recorded during a bus ride. In
Poland, the highest value was found in the non-central residential area
of the big city. Conversely, the lowest average uplink transmit powers
were mainly observed in big cities or industrial areas, with one instance
in a primary school of a secondary city.

Villages and outskirt parks are locations where larger distances to the



B. Stroobandt et al.

Table 2
Maximal (Max.) and minimal (Min.) values of Pg,g Mg for each country and the
corresponding microenvironment, identified by its ME_code™.

Country Max. Max. Min. Min.

[dBm] microenvironment [dBm] microenvironment
Belgium 22.0 V2_OA_center 139 SC_PP_primaryschool
Netherlands  23.6 V2_PP_park 11.1 BC_PP_trainstation
Hungary 22.2 BC_PP_park OUT 10.2 SC_OA_industrial
Switzerland 20.0 V3_PP_park 13.2 BC_OA _residential_C
UK 18.1 BC_PT_busride 1.6 BC_PT _trainride
Italy 19.9 SC_PP_park_ OUT 15.8 V1_OA_industrial
Poland 20.3 BC_OA _residential NC —4.5 BC_OA _business

# ME _code abbreviations; BC = big city, SC = secondary city, V = village, OA
= outdoor area, PP = public place, PT = public transport, C = central, NC = non-
central, OUT = outskirts.

nearest base stations are expected, leading to higher uplink transmit
powers (thus higher Py, mE) due to the power control mechanism. In
contrast, big cities and industrial areas are expected to have higher base
station densities. The low Pg,,ur observed in the primary school is
attributed to the presence of a base station across the street. These
findings suggested that base station density is one of the main predictors
of a-UL exposure. This aligns with the higher 4G transmit powers in rural
areas found in a previous study which was attributed to greater distances
between base stations and mobile phones (Joshi et al., 2017). However,
base station density does not account for all the variability in Pgyyme
values found across different microenvironments within each country.

The distributions of the average transmit power per second (Pqy) for
all individual microenvironments in each country are depicted in
Figures SI-A.1-7. Based on the principles discussed earlier, we antici-
pated that Pq,, values would be higher in outskirt areas and lower in
central city areas. However, we observed no consistent trend across
countries. Additionally, the distributions of Py, varied significantly
between microenvironments of the same type, indicating that differ-
ences are not solely explained by the spatial properties of the microen-
vironment. Other methods, such as clustering techniques or other
machine learning-based -classification algorithms, are required to
explain this intraclass variability. The numerous amount of parameters
available from the QualiPoc network monitoring software can provide
new features to be utilized in these machine learning models.

3.2. 4G and 5G average uplink duty cycles

Fig. 3 shows the distributions of the uplink duty cycles DCyg avgme
and DCsg avgmE, as defined by Equation (3), for each country. The values
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Fig. 3. Boxplots of DCsg aygme and DCsg aygme per country; BE = Belgium, NL =
the Netherlands, HU = Hungary, CH = Switzerland, UK = United Kingdom, IT
= Italy, and PL = Poland. DC = uplink duty cycle.
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for each microenvironment are detailed in Table SI-A.4. In all countries,
the median of DCs g mr exceeded the median of DCsg gvgme by 12-62
percentage point, except in the Netherlands and Italy. The difference in
median was negligible in the Netherlands, and no 5G was observed in
Italy. For most countries, the values of DCsg avgmp Were greater than 77
%, except for the UK and Poland.

Pay is influenced by the uplink duty cycles. The higher 4G and lower
5G uplink duty cycles in most countries indicate that 4G is still the
primary contributor to a-UL exposure. We expect a shift towards 5G in
the coming years. The similar mean values in the Netherlands are
attributed to differences in frequency band usage, which is examined in
Section 3.4.

3.3. Frequency bands

Table 3 lists the eleven different frequency bands observed during
the maximum uplink scenario across all seven European countries and
their corresponding frequency ranges. Three of these ranges were used
for both 4G and 5G technologies. All but band n78 (3500 MHz) and band
40 (2300 MHz) were frequency division duplexing (FDD) bands, which
means that the frequency range was configured for uplink signals only
and a separate frequency range for downlink signals was located at
slightly higher frequencies. The TDD bands, on the other hand, were
configured for both uplink and downlink signals using short time slots
with a fixed length. The 4G bands 20, 3, and 7 (800 MHz, 1700 MHz, and
2500 MHz; Table 3) were the only bands used for uplink transmission at
least once in each of the countries.

3.4. Transmit power and uplink duty cycle per frequency band

Fig. 4 shows the average transmit power per microenvironment
Py MEpand i (@) and the average uplink duty cycle per microenvironment
DCyygmEpand i (b), stratified per frequency band. The highest values of
Pgyg MEband i Were found for 4G band 28 (700 MHz), with a median of 21.0
dBm. The distributions of Payg mz pand i and DCayg M bana i Of the other 4G
FDD bands had similar ranges, excluding outliers, between 11.1 dBm
and 22.4 dBm and between 40 % and 100 %, respectively. The 4G TDD
band 40 (2300 MHz), was present for 1 microenvironment with
PgygmEpand i €qual to 11.9 dBm. All medians of Puygmgpand i Were below
17.5 dBm for frequency bands above 1.9 GHz. For frequency bands
below 1.9 GHz, the medians were above 17.5 dBm, except for 5G Band
n3 (17.4 dBm).

The transmit powers over 5G bands nl and n3, operating at legacy
frequency ranges, had medians of 16.3 dBm and 17.4 dBm, respectively.
This was between 1.1 dB (band nl1, 1900 MHz) and 1.2 dB (band n3,
1800 MHz) lower than the medians for the same frequency ranges used
for 4G (i.e., bands 1 and 3). They had similar ranges of DCqygmE pand is
except for the nl-band in Poland, where the DCyygmEpand i Was much
lower (not distinguished in Fig. 4b) with values below 70 % in 23 out of
25 microenvironments compared to 1 out of 7 microenvironments in
Hungary and 2 out of 15 microenvironments in Belgium.

Table 3

Frequency band ranges and their names with corresponding technology and
duplexing scheme. FDD = frequency division duplexing, TDD = time division
duplexing.

Technology, band, and duplex scheme Frequency range [MHz]

4G Band 28 (FDD), 5G Band n28 (FDD) 703-748
4G Band 20 (FDD) 832-862
4G Band 8 (FDD) 880-915
4G Band 3 (FDD), 5G Band n3 (FDD) 1710-1785
4G Band 1 (FDD), 5G Band n1 (FDD) 1920-1980
4G Band 40 (TDD) 2300-2400
4G Band 7 (FDD) 2500-2570
5G Band n78 (TDD) 3300-3800
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Fig. 4. Pygmpband i (@) and DCyuygmipand i (b) per frequency band i (x-axis) across all European countries.

The median of Payg i pand i for the 5G TDD band n78 (3500 MHz) was
3 dB lower than the median for 5G FDD band n28 (700 MHz), both
recently introduced frequency bands. Their median DCqyg M pand i Values
were below 61 % (TDD band n78, 3500 MHz) and 20 % (FDD band n28,
700 MHz), respectively. The uplink duty cycle for both 4G and 5G TDD
bands (band 40 and n78) remained below 20 %. The average transmit
power for 5G bands was generally lower than for 4G bands, by
approximately 3.3 dB.

The current non-standalone 5G implementation implies that most
signals are still sent over the 4G network, with 5G used for larger
bandwidth where 5G base stations are present. The 4G bands serve as
the anchor frequencies of the core network and 5G is used simulta-
neously as an additional resource (Agiwal et al., 2021).

The 4G band 28 (700 MHz) has the lowest frequency range observed
(see Table 3) and the highest median Pggyme. Low frequency bands
provide larger coverage, so the mobile phone is likely to connect to and
send uplink data at lower frequencies when near the cell edge (i.e., far
from the base station). The large distance requires high transmit powers
to reach the base station. This is true when considering the usage of one
technology and one frequency band at the same time. The flexibility in
uplink resource allocation and instantaneous transmit power, as well as
the use of multiple 4G or 5G cells and frequency bands, complicates the
analysis. A trade-off is made between fast transmission (high uplink duty
cycle) and high instantaneous transmit powers, while staying below the
transmit power limit of 23 dBm (+2/-3 dB tolerance). Further investi-
gation is needed to analyze this behavior for different frequency band
combinations.

Legacy FDD frequency bands have similar uplink duty cycles for both
technologies but lower Pgyg v band ; for 5G than 4G, since 5G is used only
when closer to the base station and always on top of 4G. In Poland, lower
uplink duty cycle values for band nl indicate that 5G is used less than
4G, possibly due to stricter exposure limits.

The difference in uplink duty cycle and transmit power between
recently introduced 5G frequency bands n78 (3500 MHz) and n28 (700
MHz) may be attributed to the TDD scheme compared to the FDD
scheme. The maximal uplink duty cycle for TDD is equal to 23 % as
recommended by these guidelines (5G TDD, 2020). This explains why
Pgyg MEpand i in Fig. 4a does not exceed 16.6 dBm for both TDD bands,
considering the transmit power limit of 23 dBm.

The uplink duty cycle values of Fig. 4b are about 22 and 7 percentage
point lower for 4G (93 %) and 5G (20 %), respectively, than uplink duty
cycles measured in a recent study for fixed locations near a base station
in Belgium (Vermeeren et al., 2024). The study observed less variability

in the uplink duty cycle during a similar FTP upload with a larger file
size (10 GB), which highlights the importance of capturing the vari-
ability within microenvironments for realistic a-UL exposure
assessment.

Poygmipand i and DCqyemppand i Per frequency band are provided in
Table SI-A.6.

3.5. Strengths and limitations

We used the network monitoring application QualiPoc in a micro-
environmental study for the first time. This enabled the collection of a
numerous amount of network parameters in real mobile networks,
useful for realistic RF-EMF exposure assessment. Frequency band usage
gathered from QualiPoc enabled the stratification of 4G and 5G transmit
powers and uplink duty cycles per frequency band. The multiplication of
the PUSCH transmit power values with the uplink duty cycle for every
frequency band separately, made sure that typical average exposure
values were obtained for which the TDD factor is included. Since the
monitoring app gathered data from the chipset of the mobile phone only,
the a-UL exposure was automatically distinguished from the e-UL
exposure as opposed to the use of frequency-selective exposure meters. A
well-designed measurement protocol (Veludo et al., 2025) ensured the
similar operation of trained researchers in various countries, enhancing
the reliability of the measurement data. This study paved the way for-
ward to personal exposure assessment of European citizens, providing
crucial measurement data for epidemiologists and governments to
enhance the understanding of typical a-UL exposure.

However, the amount of microenvironments where we gathered
useful measurement data was limited for some study areas and the
repeatability of these measurements was not investigated. Additionally,
the readings from QualiPoc were completely dependent on the phone’s
chipset, over which the researcher has no control. The study was limited
to 4G and 5G technologies. Although these are the most used technol-
ogies in most of the considered European countries, this limited the
analysis of the rural areas in the United Kingdom where a lot of 3G was
still used. The measurements were subject to the network behavior at the
time of measurement, which is a crucial limitation. The influence of
other users and network-specific settings on throughput variability,
connection loss, and the use of specific technologies or frequency bands
was unclear. Moreover, only one of the main network operators was
represented in each country. Although a study of 5G transmit powers
reported no significant differences between three different operators in
the city of Seoul, South-Korea (Lee et al., 2021), different operators
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might make use of different frequency bands, duty cycles, 5G deploy-
ment, and network priorities across the many European microenviron-
ments investigated in this study which limits the generalization of the
results towards different network operators.

4. Conclusions

This study introduced a novel methodology to measure the auto-
induced uplink (a-UL) radio-frequency electromagnetic field (RF-EMF)
exposure from a mobile, including non-standalone 5G for the first time
in a large-scale European microenvironmental study. Average transmit
power and uplink duty cycles of the mobile phone were investigated
across different microenvironments in Europe as well as their relation to
the frequency band usage. Measurements in 282 different microenvi-
ronments across seven European countries showed that the highest
average uplink transmit powers (median 20.6 dBm) were found in the
Netherlands, with villages generally having 0.6-2.1 dB higher transmit
powers than big cities. The study suggested that base station density is a
key predictor of a-UL exposure and found that transmit powers for 5G
were generally about 3.3 dB lower than for 4G. Future research will
assess measurements repeated after two years to track changes in the 5G
technology and its influence on a-UL RF-EMF exposure.
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